Background/Objectives: The potential immune functions related to the damages induced by oxygen-free radicals suggest that antioxidants may have a role in the development of allergies. The objective was to investigate the association between maternal intake of antioxidants during pregnancy and the risk of asthma, rhinitis and eczema in 5-year-old children. Subjects/Methods: This study was on the basis of the Finnish Type 1 Diabetes Prediction and Prevention Nutrition Study, a population-based birth cohort study with 5-year follow-up. Complete information on maternal food frequency questionnaire data and ISAAC (International Study of Asthma and Allergies in Childhood)-based allergic outcomes were available for 2441 children. Cox proportional regression and logistic regression were used for the analyses. Results: Maternal intake of any of the antioxidants was not significantly associated with the risk of asthma, rhinitis or eczema in the offspring, except for dietary intake of magnesium, which was independently associated with protection against eczema (OR 0.78; 95% CI 0.62-0.97). Conclusion: Maternal intake of dietary magnesium during pregnancy may protect against the risk of eczema in the offspring. We did not confirm previous observations concerning other antioxidants. This may be due to the variable amount of antioxidant intake across studies and also indicative of the hypothesis that there may be a critical time window in pregnancy during which antioxidants might modify the risk of allergies in the offspring.
Introduction
Allergic disorders are a consequence of immune processes that promote a shift in the balance between the Th1 and Th2 cytokines, favoring Th2 dominance (Kay, 2001 ). This process is believed to result in the production of oxygen-free radicals (Seaton et al., 1994) . In addition to its natural intra-and extracellular antioxidant defense systems, the lung depends on nutritional antioxidants to inhibit the propagation of the damages from these free radicals (Seaton et al., 1994; Li-Weber et al., 2002) . In vitro studies suggest that the deficiency in dietary antioxidants may result in T-helper cell differentiation and the promotion of the Th2 cell types (Li-Weber et al., 2002) . Consequently, it has been hypothesized that inadequate intake of dietary antioxidants may contribute to the increasing frequency of allergies and asthma in industrialized countries (Seaton et al., 1994) .
Childhood risk of allergies may already be influenced in utero by the antioxidants status of the mother during pregnancy (Prescott et al., 1999; Devereux, 2007) . Some studies have reported a reduced risk of asthma and wheezing in the offspring with high maternal intake of vitamin E during pregnancy (Martindale et al., 2005; Devereux et al., 2006; Litonjua et al., 2006; Miyake et al., 2010a) , whereas no association was observed regarding eczema (Devereux et al., 2006; Litonjua et al., 2006; Miyake et al., 2010b) . Similar inconsistencies have been seen concerning maternal intake of zinc and the risk of allergic outcomes (Shahen et al., 2004; Martindale et al., 2005; Devereux et al., 2006; Litonjua et al., 2006; Miyake et al., 2010b) . Umbilical cord selenium and iron has been associated with wheezing and eczema in children (Shahen et al., 2004) . Maternal supplementation of folic acid during pregnancy was reported recently to be associated with increased risk of asthma (Whitrow et al., 2009) and wheezing (Håberg et al., 2009) , whereas high intake of calcium and b-carotene reduced the risk of allergies in the offspring (Miyake et al., 2010a, b) . No material associations have been reported with other antioxidants.
Despite the plausibility of the hypothesis linking maternal intake of antioxidants during pregnancy to the risk of allergies in the offspring, the limited and inconsistent findings reported indicate the need for more accumulated evidence in this area to decipher the role of antioxidants in the occurrence of allergic disorders. The aim of the present study was to prospectively investigate whether maternal intake of antioxidants during pregnancy is associated with the incidence of asthma, rhinitis and the prevalence of eczema by the age of 5 years.
Subjects and methods

Subjects
The Finnish Type 1 Diabetes Prediction and Prevention study, which started in 1994, is a multidisciplinary population-based prospective cohort study that examines potential means to predict and prevent the manifestation of type 1 diabetes (Kupila et al., 2001) . Infants born with human leucocyte antigen conferred susceptibility to type 1 diabetes are recruited from three university hospitals in Finland (Turku, Oulu and Tampere) and monitored at 3-to 12-month intervals for diabetes-associated antibodies, growth and environmental exposures. The study procedures were approved by the local ethics committees.
In September 1996 and October 1997, the Finnish Type 1 Diabetes Prediction and Prevention Nutrition Study was started within the framework of the Finnish Type 1 Diabetes Prediction and Prevention study in Oulu (Northern Finland) and Tampere (Southern Finland), respectively (Virtanen et al., 2006) . That study examines the relation of maternal diet during pregnancy and lactation, and the child's diet during infancy to the development of type 1 diabetes, allergies and asthma in childhood. At the age of 5 years, 3523 children who were still participating in the dietary follow-up (born between 20 October 1997 and 29 February 2004) were invited to take part in the allergy study by completing a questionnaire on the child's history of allergic symptoms. Altogether, 3253 (92% of those invited) participated in the study. For the present analysis, complete information on maternal diet during pregnancy and history of allergic outcomes was available for 2441 children (69% of those invited to the allergy study and 75% of those who participated).
Dietary assessment
Maternal food consumption during the eighth month of pregnancy was assessed by means of a validated 181-item food frequency questionnaire (FFQ) (Erkkola et al., 2001) designed specially to reflect the diet of Finnish women of child-bearing age. The FFQ was validated against 10-day food records in a sample of pregnant Finnish women (Erkkola et al., 2001) . The validity of the FFQ for antioxidant nutrients was, in general, good: energy adjusted and attenuated correlation coefficients between the two methods ranged from 0.32 for copper to 0.71 for retinol. The only exception was vitamin E for which the correlation was only 0.22.
Mothers received the FFQ by mail after delivery and recorded the foods they ate during the month preceding their pregnancy leave, that is, the eighth month of pregnancy. The FFQ forms were returned to the study center at the child's 3-month visit and were checked by a trained nutritionist. If there were X10 food items with missing frequency, the FFQ was rejected. Software of the National Institute for Health and Welfare (Helsinki, Finland) was used to convert the food consumption data to each mother's daily nutrient intake, taking into account women's individual choices of fats used in food preparations and baking, and oils used for salad dressing (Arkkola et al., 2006) .
Information was also requested concerning the use of supplements during the whole pregnancy period, including the type, brand, and manufacturer of all the supplements used, the amount of each supplement used per day or week, and the weeks of pregnancy during which each supplement was used. The nutrient contents of the supplements registered as drugs were obtained from the Finnish pharmacopoeia. Information on other supplements was acquired from the National Food Administration, the manufacturer or both. Average daily intakes of supplements were calculated as separate variables by in-house software of the National Institute of Health and Welfare.
Assessment of allergic outcomes
At the age of 5 years, families of the participating children completed a questionnaire modified from the International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire on the child's history of allergic symptoms and asthma (Asher et al., 1995; Remes et al., 1998) . Asthma was defined as doctor-diagnosed asthma plus either any wheezing symptom during the preceding 12 months or use of asthma medication during the preceding 12 months. Age of the child at asthma diagnosis was determined by the question: 'at what age was asthma diagnosed by a doctor?' Rhinitis was defined as sneezing, nasal congestion or rhinitis other than with respiratory infections, accompanied by itching of the eye and tearing during the previous 12 months. Age of onset of rhinitis was indicated by the parents at the time of doctor diagnosis. Eczema was defined with a positive answer to the question, 'Has your child ever had atopic eczema?' Sociodemographic and perinatal characteristics Information on the child's sex, maternal age, maternal educational level and the number of siblings was recorded in a structured questionnaire completed by the parents after delivery. Information on duration of gestation, birth weight and length, and maternal smoking during pregnancy was received from the Medical Birth Registries of Oulu and Tampere University Hospitals.
Statistical analysis
Cox proportional hazards regression was used to analyze the association between the antioxidants and asthma and rhinitis endpoints, whereas logistic regression was used for the eczema endpoint. The standardized Z-scores of total and dietary maternal antioxidant intake in their continuous forms were used, which were then adjusted for total energy in the analysis. The assumption of linearity was fulfilled. For supplemental antioxidants, we dichotomized maternal intake into consumers and non-consumers without adjustment for total energy. None of the women took supplemental a-carotene, a-and g-tocopherols, whereas only 0.2% took retinol; therefore, these supplements were not studied. Multiple hazards and logistic regression models were computed, adjusting for the following variables: sex of child, place of birth (Southern or Northern Finland), season of birth (winter, spring, summer, autumn), gestational age at birth (in quartiles), maternal age at birth (o25 years, 25-29 years, 30-34 years, X35 years), maternal basic education (less than high school, high school graduate), maternal smoking during pregnancy (no, yes, no information), mode of delivery (vaginal, forceps or suction, cesarean section), number of siblings (none, one, two or more), parental asthma (no, yes, no information), parental allergic rhinitis (no, yes, no information), pets at home at 1 year of age (no, yes), and atopic eczema by 6 months of age (no, yes). Additional models were computed by adjusting for maternal intake of vitamin D and polyunsaturated fatty acids, and stratifying the analysis by season of birth and parental history of allergy. All analyses were performed by using SPSS for windows (SPSS Inc., Chicago, IL, USA).
Results
Basic characteristics
The prevalence of asthma, rhinitis and eczema in the study population at the age of 5 years was 6, 14 and 37%, respectively. The intake of antioxidants during pregnancy is presented in Table 1 . The mean intakes from supplements covered only a small fraction of the total intakes varying from 0.2% (retinol) to 23% (riboflavin). a-Carotene, a-and g-tocopherols were not taken as supplements by the women during pregnancy. Participants in the allergy study were generally not systematically different from non-participants with regards to the background characteristics of the study population (Table 2) .
Association between maternal intake of antioxidants and allergic outcomes After adjusting for the potential confounders, maternal intake of any of the food-based antioxidants was not significantly associated with the risk of asthma, rhinitis or eczema in the offspring, except for the intake of magnesium, a Supplemental a-carotene, a-tocopherol, and g-tocopherol were not consumed by the mothers during pregnancy. N/A: Supplements did not contribute to total energy intake of the mothers.
which was independently associated with a reduced risk of eczema (OR: 0.78; 95% CI: 0.62-0.97). Furthermore, maternal intake of vitamin C, folate and riboflavin from foods was appreciably associated with eczema only before adjustment (Table 3) . Maternal total intake of any of the antioxidants was not significantly associated with any of the endpoints (data not shown).
Compared with non-consumers, consumers of supplemental vitamin C, zinc, selenium, magnesium and manganese were more likely to have children with increased risk of eczema, but these were only significant before adjustment. Similarly, maternal intake of supplemental vitamin C, copper and calcium was positively related to rhinitis only before adjustment (data not shown).
Further adjustment for maternal intake of vitamin D and polyunsaturated fatty acids did not alter any of these results. Stratification of the results by month of birth or by parental history of allergy (parental rhinitis or asthma) did not alter the results. When we redefined the asthma outcome by studying doctor-diagnosed asthma (excluding wheezing symptoms or use of asthma medication during the preceding 12 months), our results were also similar. Finally, similar results were observed when wheezing alone was studied as an outcome (any wheezing symptom during the preceding 12 months). 
Discussion
Generally, the results from this study did not indicate significant evidence for the association between intake of total, dietary or supplemental antioxidants during pregnancy and the risk of asthma, rhinitis and eczema in the offspring when adjustment was made for potential confounders, except for the intake of dietary magnesium, which was associated with a decreased risk of eczema. Further adjustment for the effect of maternal vitamin D and polyunsaturated fatty acids intake and stratification by parental allergies and month of birth of the child did not alter these results. Prenatal antioxidant exposures may program the child's susceptibility to allergic disorders already in utero (Prescott et al., 1999; Devereux, 2007) . Our results did not confirm the protective effects that have been observed between the intake of vitamin E and zinc and the risk of asthma (Devereux et al., 2006) . Even when we redefined the asthma outcome or when we studied wheezing symptom in the preceding 12 months as an outcome, the results were similar. Akin to previous studies, we observed no association between vitamin E and the risk of eczema. However, because of the poor validity of the FFQ for vitamin E (Erkkola et al., 2001) , we consider the data partly insufficient to rule out a possible protection of maternal vitamin E intake against asthma and wheezing. In the validation study, the overall quintile notation was, however, acceptable for both zinc and vitamin E: 73 and 65%, respectively, were correctly classified in the same or adjacent quintile by both methods (Erkkola et al., 2001) . In contrast to previous reports, we did not find any significant effect of supplemental folate on asthma (Håberg et al., 2009; Whitrow et al., 2009) . Rather, we observed a potential unadjusted protective effect of maternal intake of dietary folate on the risk of eczema. In addition, we did not confirm the associations that have been reported between vitamin C (Litonjua et al., 2006) , calcium (Miyake et al., 2010b) and iron (Shahen et al., 2004) and the risk of eczema. So far, no study has investigated the effect of maternal intake of antioxidants on the risk of rhinitis in the offspring. Nonetheless, our results showed no significant association between any of the antioxidants and the incidence of rhinitis.
The inconsistent results across studies, despite similar methodologies in the assessment of maternal intake of antioxidants and the outcomes, may probably be explained by two scenarios. It is possible that the differences in the amount of maternal intake of antioxidants across studies may explain the discrepancies in findings. For instance, the mean daily intake of vitamins C, vitamin E and zinc was 108.4, 7.8, and 7.3 mg, respectively, in a Japanese study (Miyake et al., 2010a) , whereas the mean daily intake of these nutrients was 279.6, 30.7 and 30.3 mg in a US study (Litonjua et al., 2006) . The corresponding figures from a UK study were 119, 8.2 and 12.5 mg (Devereux et al., 2006) . In the present study, the total mean daily intake of vitamin C was 221.4 mg, vitamin E 12.3 mg and zinc 18.8 mg. The discrepancies also indicate that there may be a critical time window when maternal exposure to antioxidants might be essential in influencing the risks of allergies in the offspring. The timing of assessment of maternal intake of antioxidants during pregnancy has not been uniform across studies. For instance, although some studies assessed dietary intake during the first and second trimester (Litonjua et al., 2006;  Håberg et al., 2009; Whitrow et al., 2009) , others assessed during the second trimester only (Martindale et al., 2005; Devereux et al., 2006) , still others asked about maternal dietary intake at anytime during pregnancy (Miyake et al., 2010a, b) . Maternal diet, although assessed during the eighth month of pregnancy in our study, was aimed at reflecting the overall picture of maternal diet during the first 8 months of pregnancy. In addition, the use of supplements was inquired for the whole pregnancy period in our study. These differences at the timing of assessment of dietary intake may imply a possibility of detecting different effects of maternal dietary intake on the development of allergies in the offspring. Therefore, it would be important to find out the most likely time window in pregnancy during which maternal intake of antioxidants may have greater effect on the development of allergic outcomes in the offspring. Maternal intake of dietary magnesium was inversely associated with the risk of eczema in this study. Considering the number of tests performed, we cannot rule out that this observation may be a chance finding. This effect, however, was not altered after further adjustment for vitamin D and polyunsaturated fatty acids, and stratification by parental allergies, indicating a possible true effect. Magnesium may be beneficially related to hyperactivity and pulmonary functions (Bichara and Goldman, 2009 ) and may protect against the risk of asthma and allergies (Soutar et al., 1997) . Although the mechanism responsible for this action is not clearly understood, it is possible that, in addition to the maintenance of cellular homeostasis, magnesium participates in stabilizing T cells and inhibiting mast cell degranulation, thus reducing inflammatory mediators (Bichara and Goldman, 2009) . A recent double-blind placebo-controlled trial reported a reduced bronchial reactivity to methacholine among 7-to 19-year-old children who were given oral magnesium supplementation for 2 months (Gontijo-Amara et al., 2007) .
The unadjusted associations between some of the supplements and allergies indicate that intake of supplements can act partly as proxy for other lifestyle characteristics or dietary patterns. This necessitates identifying broader behavioral patterns behind the use of dietary supplements during pregnancy. It has been shown that those belonging to older age groups, having longer education and normal weight before pregnancy may use supplements more frequently (Arkkola et al., 2006) . These are the same groups that tend to have higher intake of most antioxidants from dietary sources as well (Uusitalo et al., 2008) .
One of the strengths of this study lies in its prospective nature, so that the ascertainment of the exposure before the outcome gave us the possibility to estimate more closely the putative effects of the antioxidants on the outcomes, minimizing differential bias regarding the selection of the subjects. We utilized a validated FFQ in assessing maternal dietary intake, which has been shown suitable for measuring the intake of diet of pregnant Finnish women (Erkkola et al., 2001) . It is possible that the nonsignificant findings we observed with most of the antioxidants may indicate the difficulty of the FFQ to accurately quantify maternal antioxidant intake during pregnancy. However, the validity estimates for the main dietary sources of antioxidants (Uusitalo et al., 2008) were acceptable except for those of dietary oils (Erkkola et al., 2001) .
Our outcomes were assessed using the standard ISAAC questionnaire, modified to the Finnish context. Asthma was defined by combining the question on doctor-diagnosed asthma with the questions on wheezing symptoms or use of asthma medication during the preceding 12 months. As wheezing alone may not accurately predict asthma in the long term, we believe this combination enabled us to estimate the true asthma cases. In our validation of the asthma component of the ISAAC questionnaire, this combination gave 98% sensitivity and specificity (Nwaru et al., 2010) . Our subjects were carrying genetic risk for type 1 diabetes. Type 1 diabetes is associated with Th1 cells, whereas allergic disorders are related to Th2 cell types (Prahalad, 2000) . In addition to the complexities surrounding the various components in the immune system that relate to the production of Th1 and Th2 cells, it is not clear how type 1 diabetes and allergies may be associated (Stene and Joner, 2004; Dales et al., 2005) . It is, therefore, possible that our results may not be completely generalizable to the general population. The cumulative incidence of asthma, rhinitis and eczema, however, paralleled that observed from the general Finnish population (Haahtela et al., 2008) . Compared with those who did not participate in the allergy study, participants were generally not different, minimizing possible selection bias.
Conclusion
Maternal intake of dietary magnesium during pregnancy may protect against atopic eczema in the offspring. We did not confirm the observations reported in previous studies concerning other antioxidants. These inconsistencies may result from the variable amount of maternal intake of antioxidants across studies. It may also indicate that there may be a critical time window in pregnancy when maternal intake of antioxidants might modulate the risk of developing allergic disorders in the offspring.
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